Introduction {#s1}
============

In the face of dramatic biodiversity loss ([@COU036C10]; [@COU036C26]), conservation-based research is being applied to a broad range of disciplines (e.g. reproductive biology, [@COU036C65]; population genetics, [@COU036C27]; thermal ecology, [@COU036C39]) and typically includes topics that extend beyond those simply addressing the most obvious threats to species (e.g. habitat destruction, over-harvesting, emerging diseases, invasive species; [@COU036C64]). Road ecology typically focuses on the impacts of the direct threats of road mortality and habitat and population fragmentation on populations ([@COU036C54]; [@COU036C14]). Although these threats are both prevalent and relevant, they are unlikely to be the only negative effects posed by roads to local wildlife populations. If we are to develop a complete understanding of threats to populations posed by roads, we must also look beyond the direct impacts of roads themselves. One such avenue of investigation resides in endocrinology, particularly in promoting the understanding of anthropogenically associated physiological stress ([@COU036C44]; [@COU036C45]; [@COU036C59]). Although several studies have examined road-related stress in birds ([@COU036C16]; [@COU036C41]), reptiles, a group whose declines across North America are often associated with roads (23% in the USA, [@COU036C64]; and 41% in Canada, [@COU036C60]), remain absent from such investigation. Several aspects of physiological stress have been examined in reptiles. For example, stress levels have been examined in relationship to reproductive cycle (lizards, [@COU036C23]; snakes, [@COU036C24]), body condition (sea turtles; [@COU036C31]), capture/handling (sea turtles, [@COU036C29]; snakes, [@COU036C2]), invasive species (lizards, [@COU036C58]) and translocation (tortoises, [@COU036C18]; snakes, [@COU036C28]). However, the literature on the effect of urban environments on stress levels is scarce, with the exception of a few seminal studies on desert lizards examining physiological stress levels across a gradient of urbanization ([@COU036C20]; [@COU036C36]). Roads present a host of potential stressors in the forms of vehicle encounters, as well as sound, light and chemical pollution ([@COU036C35]), yet the impacts these potential stressors have on the physiological state of reptiles remain unknown.

Physiological stress is the result of an organism\'s response to negative stimuli through biochemical shifts away from homeostasis in preparation for the physical requirements associated with the stressor (e.g. priming the muscles during a fight-or-flight response; [@COU036C37]; [@COU036C47]). Following a period of acute stress, the organism returns to homeostasis through secondary biochemical shifts ([@COU036C47]), and in normal conditions, such stress would result in short-term reallocation of energy away from long-term physiological functions (e.g. reproduction, growth, immune function). Alternatively, chronic stress may result in long-term physiological functions becoming disrupted or inhibited ([@COU036C11]; [@COU036C17]). From a conservation standpoint, understanding the relationship between anthropogenic stressors and chronic stress, as well as the associated implications for population health, is a crucial area of research that will help in determining whether there are indirect threats from anthropogenic structures to populations in decline ([@COU036C9]).

Levels of glucocorticoids (GCs) are one of the most prominent measurable results of physiological stress. These biochemical products are produced during activation of the hypothalamic--pituitary--adrenal axis ([@COU036C47]; [@COU036C20]). After encountering a stressor, the release of GCs occurs within a period of minutes to hours, depending on the individual and species ([@COU036C50]; [@COU036C40]). The functions of GCs within an organism are wide ranging and even disputed ([@COU036C50]); however, within the present study we use measurements of GCs to indicate the overall level of stress. In research on reptile stress, the major GC examined is corticosterone (CORT; [@COU036C49]), which is circulated through the bloodstream ([@COU036C50]). Elevated levels of CORT have been correlated with increased muscular activity within both acute (e.g. during a fight-or-flight response) and cyclic events (e.g. breeding seasons and ovipositing/birthing) for a wide variety of reptiles ([@COU036C40]). Chronically elevated levels of CORT have been seen to decrease reproductive success and growth ([@COU036C42]; [@COU036C40]), underscoring the importance of understanding stress biology for reptile conservation.

Traditionally, sampling CORT in reptiles has relied on blood plasma ([@COU036C20]) or faecal sampling ([@COU036C33]). Recently, methods have been developed to quantify levels of CORT in keratinized reptile tissues (i.e. snake sheds; [@COU036C6]), and we examined whether CORT could be recovered from the keratinized claw tissue of turtles. As claws grow, CORT in the bloodstream passively diffuses from capillaries within the claw and is deposited into the tissue matrix, incorporating itself within the keratin ([@COU036C61]). As CORT is deposited and stored in claw tissue, samples do not demonstrate the same short-term fluctuations as seen in blood plasma (minutes to hours; [@COU036C48]) or faeces (days; [@COU036C6]). Thus, CORT levels recovered from non-vascularized claw samples (i.e. the portion of the claw that has grown away from the blood vessel) represent a static measure of long-term stress. The claw samples can be homogenized, allowing for a long-term average CORT level to be measured, thus providing information relating to chronic physiological stress, as observed with the use of other keratinized tissues ([@COU036C5]). Furthermore, sampling keratinized tissue is typically less invasive than collecting blood and does not have the confounding issues of circulating CORT levels that may result from animal handling times and capture methods ([@COU036C6]).

In this context, the objectives of our study were as follows: (i) to develop a non-invasive, simple method to determine chronic physiological stress in turtles effectively; and (ii) to use this method in a pilot study examining whether freshwater turtles living around major roadways are experiencing chronic physiological stress. Ultimately, the purpose of this study was to further our ability to detect whether anthropogenic disturbances alter stress levels and to increase our understanding of chronic stress in the context of global reptile population declines.

Materials and methods {#s2}
=====================

Sample collection {#s2a}
-----------------

The following three study sites were used for sample collection: a road-impacted site (Highway 69, a major traffic corridor in central Ontario, Canada); a control site (Neily Lake, Burwash, Ontario, Canada); and a validation site (Magnetawan First Nation, Ontario, Canada). The road-impacted site was a four-lane highway connecting central and southern Ontario, with an average of 9700 vehicles/day during the turtle\'s active season ([@COU036C43]) and a high level of annual reptile road mortality ([@COU036C3]). The road-impacted section of the highway was a construction site for 4 years prior to testing and experienced live traffic for 1 year prior to testing. The control site was located 2.5 km west of Highway 69, at Neily Lake; a small (∼1.3 km long by 0.2 km wide), S-shaped, eutrophic lake surrounded by forest, with a low-use dirt road running along the north shore. The closest potential anthropogenic stressor to the control site was the adjacent Canadian Department of Defense property; however, this property has no personnel living on site, and the small-arms firing range is active only 2--4 days per month and is located 2 km north of the lake. The validation site is a First Nation community in central Ontario bisected by Highway 69; samples from this site were not road dependent and were collected from individuals found on and off the road. The samples from the validation site were used to test the effectiveness of the method, while samples from the road-impacted and control sites were used to examine the effect of roadways on chronic stress in turtles.

The midland painted turtle (*Chrysemys picta marginata*) was our model organism because of its local abundance in both natural areas and around roads (70.2% of the turtles found along the highway were painted turtles; [@COU036C3]). Living and deceased (after being struck by vehicles) adult turtles were collected at the road-impacted site during three daily driving surveys (along 13 km of highway) and a daily walking survey (along 2 km of highway) each day from 1 May to 31 August 2013 ([@COU036C3]). At the control site, turtles were captured via hoop-traps, basking-traps, incidental encounters and dip-netting from a canoe. At the validation site, turtles were captured using all of the capture methods mentioned above.

Claw tips of both hindfeet (eight individual claws) were trimmed from captured turtles using scissor nail-trimmers (Resco, Walled Lake, MI, USA). Care was taken to remove only the first 1--4 mm of claw (depending on wear), which prevented contamination of the sample with blood from the the vessel that runs through the centre of the claw. Claw trimmings were then stored in labelled 20 ml scintillation vials (Fisherbrand, Loughborough, Leicestershire, UK) and stored at room temperature until processing (within 4 months of collection). Following claw sampling, turtles were sexed (juvenile or adult male or female) and weighed using a spring scale (100--2500 g model; Pesola, Barr, Switzerland). Maximal carapace length was measured with callipers (15 cm, Scherr-Tumico, China; 40 cm, Haglof Inc., Langsele, Sweden). Live turtles were individually marked in their marginal scutes using a tapered file (Mastercraft, Toronto, ON, Canada) and a notch code system ([@COU036C12]) to prevent resampling and released at their capture site within 8 h. A total of 15 turtles (four females and 11 males) were sampled at the road-adjacent site, 15 turtles (one female and 14 males) were sampled at the control site, and 24 turtles (eight females, 15 males and one adult of unknown sex) were sampled at the validation site. All field work involving animals adhered to the guidelines of the Canadian Council on Animal Care and an approved Laurentian University Animal Care Committee protocol (AUP\# 2013-03-01).

Hormone extraction {#s2b}
------------------

The claw samples used for the validation study were measured with callipers (Scienceware, Pequannock, NJ, USA) and ranged in length from 1.0 to 4.5 mm, with a mean of 2.6 ± 0.1 mm (*n* = 168). Samples were washed and crushed using modifications of methods described previously by [@COU036C56] and [@COU036C34], respectively. In brief, claws were washed once with 1 ml distilled water and then twice with 1 ml 100% methanol by vortexing for 10 s. Samples were air dried, transferred to 2.0 ml cryovials (Corning Inc., Corning, NY, USA) and placed at −196°C for a minimum of 10 min in a liquid nitrogen dry shipper (Taylor-Wharton, Theodore, AL, USA). Frozen samples were placed in a steel cylinder and given several hard blows with a steel pestle to homogenize the claw sections. The crushed claw pieces were weighed using a Mettler Toledo balance (model AB54-S; ±0.0001 g; Mettler Toledo International, Inc., Columbus, OH, USA) and transferred to 7 ml glass scintillation vials (VWR, Mississauga, ON, Canada). Corticosterone was extracted from the samples in 100% methanol using a ratio of 0.005 g/ml by agitating for 24 h on an orbital shaker (Montreal Biotech Inc., Kirkland, PQ, Canada) at 200 rpm. Samples were then centrifuged at 2300 g for 10 min, and the extract was pipetted off into a new vial. The extract was dried in a fume hood and reconstituted in 150 µl enzyme immunoassay buffer solution (0.1 m[m]{.smallcaps} sodium phosphate buffer, pH 7.0, containing 9 g of NaCl and 1 g of bovine serum albumin per litre), resulting in a 1.13- to 16.53-fold concentration. Reconstituted samples were sonicated for 20 s in an Elmasonic waterbath (Elma GmbH & Co. KG, Singen, BW, Germany) and then loaded and incubated on microtitre plates as described by [@COU036C57], before analysis.

Claw CORT values were quantified using modifications of an enzyme immunoassay described previously ([@COU036C38]; [@COU036C62]). Antisera were diluted as follows: goat anti-rabbit IgG (GARG) polyclonal antibody (Sigma-Aldrich, Mississauga, ON, Canada), 0.25 µg/well; and CORT polyclonal antibody (CJM006; C. Munro, University of California, Davis, CA, USA), 1:200 000. The cross-reactivities of the antisera have been described previously (GARG and CORT; [@COU036C38]; [@COU036C62]). Corticosterone--horseradish peroxidase conjugate (C. Munro, University of California, Davis, CA, USA) was diluted 1:1 000 000. Standard solutions used were created with synthetic CORT (Steraloids Q1550; 39--10 000 pg/ml). The control consisted of a laboratory stock of pooled fecal extracts obtained from spotted-necked otters (*Hydrictis maculicollis*) that was run at 65% binding.

Enzyme immunoassay validation study {#s2c}
-----------------------------------

### Parallelism {#s2c1}

Parallel displacements involve examining the relationship between a set of predicted values and test samples, and measuring the variance between them. The standard curve (created from synthetic CORT stock) and a serial dilution (created from turtle claw extract) were used to detect immunological similarities between standard and sample hormones. A pooled sample of claw extracts was concentrated and serially diluted 2-fold from 1:65 to 1:4.1 concentrations in enzyme immunoassay buffer and run alongside the standard curve. Linear regression analysis was used to determine whether there was a significant relationship in the percentage of antibody bound between the standard curve and serial dilutions of the sample extracts.

### Precision {#s2c2}

Intra- and inter-assay coefficients of variation (CVs) were calculated to determine precision and repeatability. To control for intra-assay CV, only values from duplicates with CV \< 10% were used. Intra-assay CVs were further evaluated using a pooled extract at 50% binding loaded in different spots on the plate, and this method of evaluation was repeated on three separate plates. Inter-assay CVs were evaluated using a faecal extract control (65% binding; as noted above) loaded in duplicate on each plate.

### Accuracy {#s2c3}

Recovery of a known amount of hormone was calculated to examine possible interference of components within the extract with antibody binding. A pooled sample of claw extract was concentrated to 11-fold concentration. The claw extract was then reconstituted and aliquoted to a volume of 75 µl. Subsequently, a volume of 75 µl of increasing concentrations of CORT standard was then added to the claw extract in the range used for the standard curve. The concentrated pool was assayed alone to determine endogenous hormone levels. The recovery (expressed as a percentage) was calculated using the following formula: amount observed/amount expected × 100, where the observed amount was the value obtained in the spiked sample and the expected amount was the calculated amount of standard hormone added plus the amount of endogenous hormone in the unspiked sample. Linear regression analysis was used to determine whether there was a significant relationship between the hormone added and hormone recovered to assess assay accuracy.

Pilot field study {#s2d}
-----------------

Differences in CORT levels extracted from claws were examined using an analysis of variance test (ANOVA) for the fixed effects of site (road impacted, *n* = 15; control, *n* = 15) and sex (male, *n* = 25; female, *n* = 5). A linear regression was used to determine the relationship between CORT levels and body condition (*n* = 18), with sex and location included as covariates ([@COU036C31]). Body condition was quantified using the residuals from a regression between turtle mass and maximal carapace length ([@COU036C52]; [@COU036C46]). The residuals were evenly distributed across the range of carapace lengths in the study; thus, we could assume that the relationship was linear ([@COU036C52]). All statistical tests for this study were conducted in R statistical software (version 2.15.0, R Development Core Team 2012). All summary data are reported as means ± SEM. All statistical analyses tested for interactions, but if the interactions were not significant only main effects were reported. A significance level of α = 0.05 was used for all statistical tests.

Results {#s3}
=======

Enzyme immunoassay validation study {#s3a}
-----------------------------------

Serial dilutions of pooled turtle claw extract were significantly related to the CORT standard curve (*r*^2^ = 0.95, *P* \< 0.01), indicating parallel displacement (Fig. [1](#COU036F1){ref-type="fig"}). The recovery of known concentrations of CORT in turtle claw extracts was 92.8 ± 3.5%. The measured hormone concentrations in the spiked samples were correlated with the expected concentrations (*r*^2^ = 0.99, *P* \< 0.01; Fig. [2](#COU036F2){ref-type="fig"}). Intra-assay CV (variation within plates) was 5.6% at 50% binding, while inter-assay CV (variation between plates) was 3.3% at 65% binding. Figure 1:Parallelism between standard curve and serial dilutions of sample corticosterone (CORT) extract. A significant relationship was found in the amounts of antibody bound to CORT between the painted turtle samples and the standard solutions created from synthetic stock (*r*^2^ = 0.952, *P* \< 0.01). Figure 2:Recovery of exogenous CORT from turtle claw extracts, demonstrating a significant relationship between the amounts of CORT recovered from samples with varying amounts of spiked CORT (*P* \< 0.01).

Pilot field study {#s3b}
-----------------

There was no difference in the amount of CORT between road-impacted and control sites (*F*~1,27~ = 0.30, *P* = 0.59). The amount of CORT detected in claws from turtles (presented as nanograms of CORT per gram of claw) was 6.46 ± 0.69 and 7.69 ± 0.81 ng/g at the road-impacted site and control site, respectively (Fig. [3](#COU036F3){ref-type="fig"}). Females had significantly less CORT in their claws than males (*F*~1,27~ = 6.08, *P* = 0.02; Fig. [4](#COU036F4){ref-type="fig"}). On average, females had 4.11 ± 0.56 ng/g of CORT in their claws, while males had 7.66 ± 0.56 ng/g. Finally, no significant relationship was found between the residual index of body condition and CORT levels (*F*~3,14~ = 0.45, *P* = 0.72); the data were widely distributed and exhibited no directional trend. Figure 3:Average amount of CORT recovered from claw samples collected from turtles living alongside roads (road impacted; *n* = 15) and at a more natural site (control, *n* = 15). Common letters indicate no significant difference. Figure 4:Average amount of CORT collected from claw samples for female (*n* = 5) and male painted turtles (*n* = 25). Unique letters represent a significant difference.

Discussion {#s4}
==========

Enzyme immunoassay validation study {#s4a}
-----------------------------------

The validation study demonstrated the ability to extract reliable levels of CORT from turtle claws. This novel technique can be used simply and non-invasively to collect samples that reflect long-term CORT levels for the examination of chronic physiological stress. Interestingly, the average recovered amount of baseline CORT from claw samples (7.07 ng/g) fell within a range comparable with the baseline amounts of CORT recovered from blood samples for other groups of reptiles \[between 2 and 12 ng/ml seen in green sea turtles (Cheloniamydas), garter snakes (*Thamnophis sirtalis*) and marine iguanas (*Amblyrhynchus cristatus*); [@COU036C40]\]. However, our values were much higher than those reported by [@COU036C53], who found mean baseline CORT levels of 0.04 ng/ml for yellow-blotched sawback turtles (*Graptemys flavimaculata*); those authors suggested that circulating CORT levels might be much lower in freshwater turtles than in other reptiles.

Recently, the use of keratinized structures (e.g. hairs, feathers and snakes shed skins) has provided valuable information regarding long-term physiological stress in a number of mammals, birds and snakes ([@COU036C5]). The use of claw samples to measure CORT will expand the number of organisms for which keratinized tissues can be used to evaluate chronic stress; however, further validation of this technique is required. A comparison of blood and faecal CORT concentrations with claw levels is necessary to determine a relationship between these measurements, as shown by [@COU036C6] in snake faeces and shed skins. Furthermore, although logistical constraints prohibited the measurement of claw growth rates in the populations we sampled, this information is necessary to determine the period of time represented by the claw sample and thus help to disentangle chronic vs. acute stress. In our study, the time period represented by the claw sample can be estimated only coarsely (i.e. we assume that the 2--4 mm of claw we used represents a period ranging from months to a year). However, we believe that our coarse estimation of time was sufficient for our objectives to validate this method of sampling CORT and to conduct a pilot study to compare turtles living in similar environmental conditions differentiated only by the presence of a major roadway. Ultimately, the use of keratinized tissue will provide a new means for wildlife managers and conservation biologists to study stress in clawed reptiles using a minimally invasive and easily executed sampling technique, and examinination of stress is an important proxy for population health.

Pilot field study {#s4b}
-----------------

In examining average baseline CORT levels extracted from claw samples, our pilot study is the first to test whether roads act as a chronic stressor for freshwater turtles. Although only a small number of individual turtles were sampled, we achieved interesting preliminary results. Our hypothesis was rejected, because we did not find a difference in CORT levels between the road-impacted and control sites. Two possible explanations for this result are as follows: (i) there was an unknown additional stressor at the control site; or (ii) painted turtles may not have elevated stress levels due to highways. The control site is located adjacent to a small, low-use dirt road and a limited-use military training ground, providing occasional disturbance. Nevertheless, the control site did not experience anywhere near the constant levels of disturbance or the volume of noise pollution present around the highway at the road-impacted site. Although the possibility of unknown additional stressors exists, we feel that the second explanation (i.e. painted turtles do not suffer from elevated stress levels due to highways) is more likely. Painted turtles are common in anthropogenic environments, are often seen crossing roads ([@COU036C3]) and are the only turtle species in Ontario, Canada not listed as a 'species at risk' ([@COU036C15]). Within a conservation framework, our pilot study is a 'proof of concept' of our ability to examine reptile stress easily. However, our investigation was restricted to one road site and one control site, limiting the inferences that can be made from this study alone. Further research is required, using multiple replicates from numerous sites and across varying levels of anthropogenic disturbance, before a conclusive statement can be made regarding the potential for roads and traffic to alter stress levels in painted turtles. Additionally, more research is required on rare and threatened species in order to determine whether they present a more severe response to road-altered environments than more common species. Only through a better understanding of the threats, including indirect ones, will we be able to ensure the protection and recovery of imperilled species.

In addition to the comparison of CORT levels made between the two study sites used to test our hypothesis, we also examined the relationship between body condition and baseline stress levels, which is relatively under-studied in freshwater turtles. Body condition was related to baseline levels of CORT in green sea turtles but not in hawksbill sea turtles (*Eretmochelys imbricate*; [@COU036C31]). Here, we did not observe a relationship between our long-term measure of stress and body condition for painted turtles. A potential explanation of our results may be that shifts in baseline CORT levels related to body condition occur only once an individual has reached a certain threshold (i.e. malnourished or significantly overweight), and that the individuals we measured were simply within the normal scope for the species. However, further research is required to test the validity of this explanation. Furthermore, one could consider an alternative to examining the relationship between body condition and stress by investigating the response of immune function to stress. [@COU036C4] examined immunocompetence of marine iguanas at varying levels of induced stress (both chemical and physical) and determined that immune function was significantly decreased during periods of elevated CORT levels. Future studies should examine whether turtles also exhibit a relationship between immune function and CORT levels, which would determine whether immune function may represent a better proxy than body condition for examining the effects of elevated CORT levels.

In our study, we also observed significantly lower long-term CORT levels in females than in males, albeit we had a relatively small female sample size (*n* = 5). Increased levels of CORT in males may be attributed to reproductively beneficial traits, as seen in marine iguanas (e.g. orientation, territoriality and courtship behaviour; [@COU036C4]); however, the relationship between CORT and similar traits in painted turtles remains unknown. Conversely, it is possible that females may be exhibiting reduced CORT levels, as seen with post-nesting season green sea turtles ([@COU036C25]), because most of our females were captured after the nesting season. Within some species of freshwater turtles (e.g. yellow-blotched sawback turtles; [@COU036C53]), CORT levels vary for both males and females, and the difference depends on seasonal energy reallocation (e.g. spring or autumn breeding, nesting, overwintering migrations); however, even though seasonally acute shifts were documented in yellow-blotched sawback turtles, overall CORT levels were not significantly different over the active season for either sex ([@COU036C53]). Our method of sampling CORT would not capture short-term seasonal fluctuations, but instead reflects sex-specific differences in baseline CORT averaged over the long term. [@COU036C13] noted no difference in baseline CORT between the sexes in red-eared sliders (*Trachemys scripta*), suggesting that perhaps our findings may have simply been a result of the low female sample size. In fact, differences between the sexes in baseline levels of CORT are inconsistent within reptiles. A difference in sex-specific baseline CORT levels has been observed for some reptiles \[watersnakes (*Nerodia sipedon*), [@COU036C55]; common wall lizards (*Podarcis muralis*), [@COU036C21]\] but not for others \[freshwater crocodiles (*Crocodylus johnstoni*), [@COU036C30]; hawksbill turtles, [@COU036C31]; tree lizards (*Urosaurus ornatus*), French *et al.*, 2008\]. To our knowledge, documentation of stress levels in freshwater turtles is represented by only a handful of studies ([@COU036C13]; [@COU036C53]). Furthermore, the literature on stress in freshwater turtles has yet to address chronic stress and the potential for chronic stress to have negative population effects. Turtles are the most imperilled group of reptiles ([@COU036C22]; [@COU036C7]); thus, it is imperative that we increase our understanding of the relationships among stress, body condition, individual fitness and overall population health so that we can better conserve this unique taxon ([@COU036C63]; [@COU036C8]; [@COU036C53]).

Conclusion {#s4c}
----------

In the conservation of imperilled species, it is critically important to understand the physiological responses of individuals to anthropogenic threats to their populations, such as habitat degradation, urbanization and climate change ([@COU036C44]; [@COU036C45]; [@COU036C59]; [@COU036C51]). By understanding the physiological effects (e.g. chronic stress) caused by human disturbance, conservation actions can be directed towards understanding the indirect threats, which have until recently remained unstudied ([@COU036C19]). The assessment of such indirect effects has broad implications for conservation biology; for instance, when examining the effects of roads on imperilled species, it may be important to determine whether population declines around roads are due to direct threats (such as high road mortality; [@COU036C1]), indirect threats (such as chronic physiological stress) or a synergistic combination of both.

While the potential for anthropogenic disturbance to cause chronic stress in organisms remains understudied ([@COU036C32]), we have evaluated a novel, simple and non-invasive method to examine levels of long-term CORT in turtles. This novel method provides a unique opportunity to detect whether specific populations experience chronic stress as a result of human disturbance. Ultimately, conservation biologists need to identify and understand the presence and diversity of threats to an imperilled species before proper and effective mitigation can be developed and implemented.
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